Abstract: We present a comprehensive study of Majorana dark matter in a U (1) B−L gauge extension of the standard model, where three exotic fermions with B−L charges as −4, −4, +5 are added to make the model free from the triangle gauge anomalies. The enriched scalar sector and the new heavy gauge boson Z , associated with the U (1) B−L symmetry make the model advantageous to be explored in dual portal scenarios for the search of dark matter signal. This simple extension with minimal parameters makes phenomenological excitement as far as dark matter analysis is concerned. Diagonalizing the exotic fermion mass matrix, we obtain the Majorana mass eigenstates, of which the lightest one plays the role of dark matter. Analyzing the effect of two mediators separately, the scalar portal channels give a viable parameter space consistent with relic density from PLANCK data and the direct detection limits from various experiments such as LUX, XENON100, XENON1T, PandaX-II. While the Z mediated channels are constrained from relic abundance and the LHC limits. Finally we comment on the galactic center gamma ray excess near the Higgs resonance.
Introduction
Standard model (SM) of particle physics is the most successful theory that can explain well almost all the observed data below the electroweak scale. Still there are many open issues for which SM does not provide any satisfactory answer. Of these open questions, the one that stands out is the nature of Dark matter (DM). Various observational evidences firmly point towards the existence of dark matter which constitutes about 26.8% energy budget of the Universe [1] , still very little is known about its true nature. The DM has been the most sought after candidate for experimental particle physicists and the hunt for it started from the day of its existence, which was proposed way back in 1937 [2, 3] . Its nature to interact 'weakly' as confirmed indirectly from the Bullet cluster [4] , provides strong motivation to prefer weakly interacting massive particles (WIMPs) as the potential DM candidates, which are not too far from the electroweak scale, thus, providing an excellent testing ground at the current or near future direct or indirect dark matter detection experiments.
To explain the key ingredient that connects cosmology with the particle physics, plenty of frameworks have been proposed imposing the condition that the DM is stable at the cosmological time scale. Apart from this, as the spin of DM is unknown, all possible kinds of DM candidates, i.e., scalar, fermion, vector have been explored. As SM is a well tested gauge theory, we intend to study the gauge extensions of it where the difference of Baryon and lepton number (B − L) is promoted to the local gauge symmetry [5] [6] [7] [8] . One of the interesting aspects is that in its standard form, the presence of right-handed neutrinos and the type-I seesaw mechanism for neutrino mass generation is natural. In particular, B − L gauge extension of SM has been studied so as to incorporate the beyond Standard Model (BSM) physics (see some earlier works in this motivation [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ). In this article, we explore the prospects for Majorana DM in the context of B −L gauge extensions of SM. The model considered here consists of a particular B − L charge assignment for the extra fields added to SM, such that there is an automatic cancellation of anomalies as well as the existence of a stable Majorana DM candidate [19] [20] [21] [22] .
The layout of the paper is as follows. In section 2, we start with a new variant of U (1) B−L gauge extension of SM with three exotic fermions and discuss the model structure, scalar potential, interaction Lagrangian. In section 3, we diagonalize the exotic fermion mass matrix to obtain the physical Majorana mass eigenstates. Section 4 narrates the relic density and its behaviour with various model parameters in scalar and vector portal regimes. Direct detection study is worked out in section 5. Collider limits on the current model are investigated in section 6 and section 7 deals with the indirect studies. Finally we conclude the work in section 8.
New B − L model with Majorana Dark Matter
We consider an anomaly free U (1) B−L gauge extension of the SM where three exotic neutral fermions with B − L charges −4, −4, +5 are added to get rid of the nontrivial triangle gauge anomalies. In addition, two extra scalar singlets φ 1 and φ 8 are introduced to spontaneously break the SU (2)
and further broken by SM Higgs doublet H to SU (2) L × U (1) em . Singlet dark matter in the similar context has been explored recently in [23] . The scalar potential of the
(1, 0) 8 Table 1 . Fields and their charges of the proposed
model is given by
The stability of the scalar potential of the model is guaranteed by the co-positive criteria given by λ H ≥ 0,
The neutral components of the fields H, φ 1 and φ 8 can be written in terms of real scalars and pseudo scalars as
Here the VEVs of the scalars are given as
Using the particle content listed in Table 1 one can write the following invariant Lagrangian
where Z µ is the new gauge boson associated with B − L gauge symmetry. Also
The term containing κ is the kinetic mixing term between two U (1) gauge groups.
Spontaneous symmetry breaking
The spontaneous symmetry breaking of this new kind of B −L model is implemented with scalars φ 1 and φ 8 which are singlets under SM gauge group. The non-zero VEVs of these scalars provide masses for fermions and gauge bosons.
The heavy Majorana mass matrix is given by
The mass for extra neutral gauge boson Z arises from spontaneous symmetry breaking of these scalars φ 1 and φ 8 . The masses of other SM gauge bosons are coming from the VEV of the SM Higgs boson. Assuming no kinetic mixing among the U (1) gauge bosons, the resulting neutral gauge boson mass matrix in the basis
Diagonalization of the above matrix gives the physical mass of the extra neutral
2 ) and the photon remains massless.
Mixing in fermion sector
For simplicity, we consider the Majorana mass matrix (3.1) with real entries to be of the form
The above mass matrix can be diagonalized using the unitary matrix as (
where U 1 is the normalized eigenvector matrix given as
The diagonal phase matrix K = diag(1, i, 1) is used to avoid the negative mass eigenvalues. Thus, one obtains the mass matrix in the diagonal basis
To make analysis simpler, we consider
Considering x > a, we get positive eigenvalues and the mass eigenstates N Di can be written as
The Yukawa couplings can be expressed in terms of the physical masses as
The interactions terms between the new fermions and the Z gauge boson can be written in the mass eigenstate basis as
Similarly, the interaction terms with the singlets φ 1 and φ 8 are
A glance at Eqns. (3.7), and (3.8) confirms that N D1 is the lightest Majorana mass eigenstate and we intend to perform a detailed study of Majorana dark matter in this work.
Mixing in scalar sector
To explore Majorana dark matter observables in scalar portal, we study the mixing in the scalar sector. One can notice from Eqn. (3.11) , that the lightest mass eigenstate N D1 couples only to the scalar φ 8 , so here we consider the mixing between the singlet φ 8 and H 0 and the mass matrix in (h, h 8 ) basis can be written as
Using the minimization conditions of the this two scalar mixing scenario, we obtain
which yields the mass matrix in a simplified form
Now we diagonalize the mass matrix (3.14) as
, where we consider the rotation matrix U as
The mixing angle α is given as tan 2α
and the obtained mass eigenstates denoted by H 1 , H 2 satisfy h = H 1 cos α + H 2 sin α,
The masses of the physical scalars H 1 and H 2 are denoted by M H 1 , M H 2 respectively. Thus, one can rewrite the free parameters of the scalar sector in terms of the physical masses (M H 1,2 ), and the mixing angle α
Since the proposed dark matter particle N D1 can interact with the scalar sector and vector gauge boson Z , the model can be well explored in dark matter observables in this dual portal scenarios separately.
Relic density for Majorana dark matter
We begin our discussion with relic density constraints on Majorana dark matter in the B − L model considered here. We first present the analytical expressions for annihilation cross sections that contribute to relic density in our model. The formula used for computing the relic abundance of dark matter is
where the Planck mass M pl = 1.22 × 10 19 GeV, g * = 106.75 being the total number of effective relativistic degrees of freedom, and J(x f ) reads as
The freeze out parameter x f in the above integral is given as
where g is the count of number of degrees of freedom of the dark matter particle. The thermally averaged annihilation cross section σv is given by
where K 1 , K 2 denote the modified Bessel functions and x = M D1 /T , with T being the temperature.
Scalar mediated
The possible annihilation channels that can drive the relic density in the scalar portal scenario are shown in the Fig. 1 . These channels can be either SM fermions, SM gauge bosons (W, Z) or Higgs sector scalars. The cross section for the annihilation channel into SM fermions is given bŷ 5) while the expressions for the SM gauge bosons turn out to bê
where
with c f and M f denoting the color charge and mass of the the SM fermion f respectively. In the above expressions, the decay widths Γ H 1 and Γ H 2 are scaled by cos 2 α and sin 2 α respectively. Finally, for the Higgs sector annihilation channels we havê
, (4.8) Figure 1 . First three diagrams contribute to relic density and the fourth one is relevant for the direct searches.
with i, j = 1, 2. The scalar interaction couplings are given by
We use the packages LanHEP [24] , micrOMEGAs [25] [26] [27] to compute the DM observables. We consider the physical state H 1 to be SM-like Higgs with M H 1 = 125.09 GeV and H 2 is heavier scalar particle playing a role in relic density calculation. The parameters that are fixed during the analysis are given in Table 2 and the parameters that drive the relic density are sin α, v 8 , M H 2 . First plot in Fig. 2 denotes the parameter space that makes the resonance of H 1 -mediated contribution, reach the current relic limit. Similarly the rest three plots in Fig. 2 denote the same for H 2 -mediated contribution. The steepness of the dip changes due to the variation in the decay width of the two scalar mediators H 1 and H 2 with the mixing parameter α. The parameter v 8 rescales the coupling strength of N D1 N D1 φ 8 . for the H 1 mediated contribution satisfying the relic limit. The remaining plots denote the parameter space giving the resonance of H 2 as propagator in the annihilation channels satisfy the current relic density. Here the horizontal dashed lines represents the 3σ value of the current relic density [1] .
Values 125.09 246 1000 1000 Table 2 . Fixed parameters for scalar-mediated DM observables.
All the curves satisfy the required relic density near the resonance. For lower DM masses below 70 GeV, the ff channels maximally contribute to relic density. 
Vector mediated
The DM also interacts with the visible sector through the gauge mediated processes which can lead to annihilation channels into SM fermions and the Higgs sector as shown in Fig. 4 . The cross sections are given bŷ
with S = H 1 , H 2 , h 1 . Here n f BL denotes the B − L charge for the SM fermion f and Γ Z is the decay width of the heavy gauge mediator Z . Fig. 5 shows the behaviour of relic abundance with the mass of dark matter particle for various sets Figure 4 . First two diagrams contribute to relic density and the third indicates collider study. 
Values 1000 1000 1000 Table 3 . Fixed parameters for Z -mediated DM observables of gauge coupling g BL and the mediator mass M Z consistent with the LEP-II bound [28] i.e.,
TeV. Near the resonance the major contribution comes from the N D1 N D1 → ff channel. As we go towards high mass regime of M D1 , with M H 2 = 1 TeV, a channel with N D1 N D1 → Z H 2 pops out dominating the analysis and the curve falls towards the current limit. The contribution from Z h 1 channel is less as compared to Z H 2 channel as the B − L charge of φ 1 is 8 times less than φ 8 . The channel N D1 N D1 → Z H 1 is automatically suppressed as the coupling strength is scaled by sin α. 
Scalar mediated
The effective lagrangian term of scalar mediated channel that contributes to the scalar part of spin-independent(SI) cross section for direct detection is
The WIMP-nucleon SI contribution reads as [18, 33] 
where M p denotes the mass of proton and the matrix element f p is given as [18] . Fig. 6 shows the WIMP-nucleon cross section with varying mass of the DM with the parameters that satisfy the current relic limit as depicted in Fig. 2 . The option of low mixing (α) and high v 8 is preferable for the SI cross section to be within the current limits of various DM experiments [29] [30] [31] [32] 
Vector mediated
Since the vector boson Z couples differently to Majorana fermion and quarks i.e., axial vector and vector type, the contribution by WIMP-nucleon interaction is insensitive to direct detection experiments [33] [34] [35] . 
Collider studies
In recent past, both ATLAS and CMS experiments have provided extensive studies to search for new heavy resonances in both dilepton and dijet signals. It is found that these two experiments provide lower limit on Z -boson with dileptons, resulting in stronger bounds than dijets due to relatively fewer background events. ATLAS results [36] from the study of dilepton signals for the Z boson provide the most stringent limits on the heavy gauge boson mass M Z and the gauge coupling g BL . For the present B −L model, we use CalcHEP [37, 38] to compute the production cross section of Z Table 4 . Benchmark values of the current B − L model decay can impose stringent constraints on these models. The right panel in Fig. 7 describes the parameter space in M Z − g BL plane consistent with the current 3σ limit on relic density from PLANCK [1] . The region to the right of both the curves is consistent with ATLAS [36] and LEP-II [28] bounds. With ATLAS limit being the most stringent one, from the plot one can see that the model still has a significant portion of the parameter space that can satisfy the relic density. Particularly, one sees that below 1 TeV the parameter space is almost ruled out, while between 1 − 2.3 TeV to achieve the correct relic density one requires g BL < 0.1. Thus, in general, we conclude that dilepton searches from LHC in Z models can pose stringent limits on the parameter space.
Indirect studies
Gamma-ray data of dwarf galaxies from the Fermi-LAT satellite constrain the annihilation cross section to SM fermions, which give rise to gamma rays after hadronization. The first analysis of Fermi-LAT data from Galactic Center (GC) reveals a bump like feature in the energy range of 0.3 − 10 GeV [40] [41] [42] [43] . The analysis of Ref. [44] claims that the bump occurs in the 1 − 3 GeV range and could be explained by a DM particle in the mass range of 36 − 51 GeV, entirely annihilating into bb channel with σv = (1.4 − 20) × 10 −26 cm 3 s −1 . Recent articles [45, 46] give the preferred range of DM mass upto 74 GeV and above, maximally annihilating to bb. Table 5 . Values of observables at benchmark in Table 4 .
flux of photons due to the annihilation of DM particle in an angular direction dΩ where r c = 20 kpc and γ = 1.26. The radial coordinates r and θ are related as r = s 2 + r 2 − 2sr cos θ 1/2 , with s being the line of sight. The bottom right panel of Fig. 8 shows the GC gamma ray excess in gNFW profile (γ = 1.26), using the benchmark values given in Table 4 with a line of sight of 0.1 rad. The corresponding observables and the annihilation channel contributions are shown in Table 5 . The benchmark in Table 4 satisfies the current relic density and the value of σv ∼ 10 −26 cm 2 s −1 is suitable to explain the gamma ray excess. But the SI cross section violates the current direct detection limits [29] [30] [31] [32] as shown in Fig. 8 . Thus, the explanation for the galactic centre excess is ruled out for the scalar mediated DM by direct detection constraints.
Conclusion
In this article, we made a detailed study of Majorana dark matter in a typical B − L model where the gauge symmetry is extended with a U (1) B−L . The current model is enriched with three exotic fermions with B − L charges −4, −4, 5 to avoid the triangle gauge anomalies. The scalar sector is equipped with two additional scalar singlets φ 1 and φ 8 with B − L charges −1, +8 to break the U (1) B−L gauge symmetry giving mass to the exotic fermions and the heavy gauge boson Z . The structure of the model is extremely fruitful, giving two kinds of mediators that connect the visible and dark sectors. The lightest mass eigenstate upon the diagonalization of exotic fermion mass matrix, plays the role of dark matter. The scalar-portal relic abundance has been studied with all possible annihilation channels and the complete behaviour of the parameters involved in the cross sections has been displayed. The SI cross section has been calculated and investigated with the current limits from LUX (2016), XENON100, XENON1T and PandaX-II. Similar strategy is repeated for Z -portal channels. But in the Z case, it is not possible to study for direct searches as the Majorana dark matter couples axial-vectorially with the Z , while SM quarks couple to Z vectorially. In collider searches, the ATLAS bounds on the Z mass and g BL impose strong constraints. However, we still have a viable parameter space satisfying the current relic density and the dilepton bounds. We have also addressed indirect searches for DM through the study of Galactic γ-ray excess in the scalar portal scenario. To conclude, we have made a complete systematic study of Majorana dark matter in a new variant of B − L gauge extended model. This simple model survives the current collider limits while satisfies dark matter constraints and can be probed in future high luminosity data from LHC.
